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ABSTRACT
Munakataite, Pb2Cu2(Se
4+O3)(SO4)(OH)4, has been found in association with a variety of rare
secondary Te minerals at Otto Mountain, San Bernardino County, California, USA. It is very rare and
occurs as subparallel bundles of blue needles up to 1 mm long. Electron microprobe analyses provided
the empirical formula Pb1.96Cu1.60[(Se
4+
0.89S0.11)S1O3](SO4)[(OH)3.34(H2O)0.66]S4. Munakataite is mono-
clinic, space group P21/m, with cell parameters a = 9.8023(26), b = 5.6751(14), c = 9.2811(25) A˚, b =
102.443(6), V = 504.2(2) A˚3 and Z = 2. The crystal structure, solved by direct methods and refined to
R1 = 0.0308 for 544 Fo > 4sF reflections, consists of Jahn-Teller-distorted Cu
2+O6 square bipyramids,
which form chains along b by sharing trans edges across their square planes. The chains are decorated
by SO4 tetrahedra and Se
4+O3 pyramids, which bond to apical corners of adjacent bipyramids. The
chains are linked to one another via bonds to two different PbO9 polyhedra, only one of which exhibits
one-sided coordination typical of Pb2+ with a stereochemically active 6s2 lone-electron-pair.
Munakataite is isostructural with schmiederite and the structure is closely related to that of linarite.
KEYWORDS: munakataite, schmiederite, selenite, sulphate, crystal structure.
Introduction
MUNAKATAITE is a very rare lead-copper selenite-
sulphate ﬁrst described by Matsubara et al. (2008)
from a specimen collected on the dump of the
Kato mine, Munakata City, Fukuoka Prefecture,
Japan. It was found as aggregates of blue ﬁbres up
to only 30 mm in length. The chemical
composition coupled with the similarity of the
powder X-ray diffraction pattern to those of
linarite, PbCu(SO4)(OH)2, and schmiederite,
Pb2Cu2(Se
4+O3)(Se
6+O4)(OH)4, and the similarity
of the cell parameters to those of schmiederite led
Matsubara et al. to conclude that munakataite is
isostructural with schmiederite and has the ideal
formula Pb2Cu2(Se
4+O3)(SO4)(OH)4. The
discovery of larger crystals of munakataite at
Otto Mountain afforded the opportunity to collect
structure data and determine the structure.
Occurrence
The munakataite crystal used in this study came
from a specimen collected by one of the authors
(RMH) at the Bird Nest drift on the southwest
ﬂank of Otto Mountain, ~2 km northwest of Baker,
San Bernardino County, California. The Bird Nest
drift (35º16.606’N, 116º05.956’W) is located 0.7
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km northwest of the Aga mine (35º16.399’N,
116º05.665’W). Munakataite occurs as thin blue
prismatic crystals (Fig. 1) up to 2 mm long on
fracture surfaces and in small vugs in quartz veins
in direct association with telluroperite (Kampf et
al., 2010f) and caledonite. Other species identiﬁed
in the Otto Mountain assemblages include
acanthite, anglesite, atacamite, boleite, brochantite,
burckhardtite, calcite, celestine, cerussite, chalco-
pyrite, bromine-rich chlorargyrite, chrysocolla,
devilline, diaboleite, ﬂuorite, fornacite, galena,
gold, goethite, hessite, housleyite (Kampf et al.,
2010c), iodargyrite, jarosite, khinite, kuranakhite,
linarite, malachite, markcooperite (Kampf et al.,
2010d), mimetite, mottramite, murdochite, musco-
vite, ottoite (Kampf et al., 2010b), paratimroseite
(Kampf et al., 2010e), perite, phosphohedyphane,
plumbojarosite, pyrite, schieffelinite, thorneite
(Kampf et al., 2010a), timroseite (Kampf et al.,
2010e), vanadinite, vauquelinite and wulfenite.
The unusual secondary Te minerals of the
quartz veins are interpreted as having formed
from the partial oxidation of primary sulphides
(e.g. galena and chalcopyrite) and tellurides (e.g.
hessite) during or following brecciation of the
quartz veins. Munakataite is the only Se mineral
identiﬁed thus far. The source of the Se is likely to
be sulphides, in which it may be present in trace
amounts, but the possible occurrence of a primary
Se phase, such as clausthalite, cannot be
discounted.
Chemical composition
Three analyses were conducted on munakataite at
the California Institute of Technology using a
JEOL 8200 electron microprobe operating in
WDS mode. Analytical conditions were 20 kV,
5 nA and a focused beam. The standards were
galena (Pb), Cu metal (Cu), Se metal (Se) and
anhydrite (S). There was insufﬁcient material for
direct H2O determination, so the H2O content was
calculated for charge balance in order to provide
11 O a.p.f.u. with S + Se = 2. Some beam damage
was noted and this may account for the low CuO
value. Semi-quantitative EDS analyses were
consistent with near-stoichiometric amounts of
Pb and Cu (Table 1).
The empirical formula for munakataite from
Otto Mountain based upon 11 O and 2 S + Se
a.p.f.u. is Pb1.96Cu1.60[(Se
4+
0.89S0.11)S1O3]
(SO4)[(OH)3.34(H2O)0.66]S4. The empirical
formula for munakataite from the Kato mine on
the same basis is: Pb2.00(Cu1.92Ca0.01)S1.93
[(Se4+0.99S0.01)S1O3](SO4)[(OH)3.87(H2O)0.13]S4.
FIG. 1. Munakataite crystals on quartz; ﬁeld of view 
2 mm. Joe Marty specimen and photo.
TABLE 1. Electron microprobe analyses (wt.%) of munakataite from the Kato mine (seven
analyses) and Otto Mountain (ﬁve analyses).
Kato mine Otto Mountain
(Matsubara et al., 2008) (this study)
PbO 53.71 (53.2454.09) 55.00 (54.0555.60)
CuO 18.33 (17.7419.81) 16.05 (15.8116.36)
CaO 0.04 (0.000.26) none observed
SO3 9.73 (8.1311.16) 11.22 (10.9511.68)
SeO2 13.19 (11.1014.48) 12.42 (12.0512.92)
H2O* 4.47 5.25
Total 99.47 99.94
* Calculated to provide charge balance with 11 O and 2 S + Se a.p.f.u.
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X-ray crystallography and structure
ref|nement
Single-crystal X-ray data were obtained on a
Rigaku R-Axis Rapid II curved image-plate
microdiffractometer using monochromatized
Mo-Ka radiation. The Rigaku CrystalClear soft-
ware package was used for processing the
structure data, including the application of an
empirical absorption correction using ABSCOR
(Higashi, 2001). A numerical (shape-based)
absorption correction using NUMABS (Higashi,
2000) was also attempted, but with inferior
results. All non-hydrogen atoms were located by
direct methods using SIR92 (Altomare et al.,
1994). SHELXL-97 software (Sheldrick, 2008)
was used, with neutral atom scattering factors, for
the reﬁnement of the structure.
The munakataite crystals exhibited a high
degree of mosaicity in the c direction, as shown
by signiﬁcant elongation and streaking of
reﬂections. To minimize the effect of the
mosaicity, a very small crystal (110 mm6
12 mm65 mm) was used for the data collection;
this crystal still exhibited signiﬁcant elongation of
many reﬂections, however. Because of the small
crystal size, reﬂection intensities fell off quickly
above 20ºy, severely limiting the dataset.
Difﬁculties integrating the elongate reﬂections
resulted in a relatively high Rint and are probably
TABLE 2. Crystallographic data and structure-reﬁnement details for munakataite.
Crystal data
Structural formula Pb1.93Cu1.89(Se
4+
0.85S0.15O3)(SO4)(OH)4
Crystal system Monoclinic
Space group P21/m
Unit cell parameters a, b, c (A˚), b (º) 9.802 (3), 5.675(1), 9.281(3), 102.443(6)
Volume (A˚3) 504.2(2)
Z 2
Density for above formula (g/cm3) 5.305
Absorption coefficient (mm1) 39.514
Crystal size (mm) 11061265
Data collection
Diffractometer Rigaku R-Axis Rapid II
Radiation, wavelength (A˚) Mo-Ka, 0.71075
Temperature (K) 298
F(000) 706
y range (º) 3.41 to 20.79
h, k, l ranges S9, S5, S9
Axis, # frames, width (º), time (min.) o, 154, 5, 20
Reflections collected, unique 8377, 590 [Rint = 0.0807]
Unique reflections with Fo > 4sF 544
Data completeness to ymax (%) 98.8
Max. and min. transmission 0.8269 and 0.0978
Structure refinement
Refinement method Full-matrix least-squares on F2
Data/restraints/refined parameters 590/4/106
Weighting coefficients a, b * 0, 22.0107
Final R indices [Fo > 4sF] R1 = 0.0308, wR2 = 0.0630
R indices (all data) R1 = 0.0340, wR2 = 0.0647
Goodness-of-fit (GoF) on F2 1.093
Largest diff. peak/hole (e/A3) +3.038 / 1.483
Rint = S|Fo
2  Fo2(mean)|/S[Fo2]. GoF = S = {S[w(Fo2Fc2)2]/(np)}1/2 where n = no. of reﬂections, p = no. of reﬁned
parameters. R1 = S||Fo|  |Fc||/S|Fo|. wR2 = {S[w(Fo2Fc2)2]/S[w(Fo2)2]}1/2. w* = 1/[s2(Fo2) + (aP)2 + bP] where P is
[2Fc
2 + Max(Fo
2,0)]/3.
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responsible for the anomalous shapes of the
displacement ellipsoids for several of the O
atoms.
All non-hydrogen atoms were reﬁned aniso-
tropically at full occupancy in accord with the
ideal formula, and the agreement index R1
converged to 3.26%. Because the chemical
analyses suggest that a small amount of S
substitutes at the Se site and that Cu and Pb
sites are not fully occupied, a reﬁnement was
attempted with both Se and S reﬁned at the Se site
and the occupancies of the Cu and Pb sites
reﬁned. This approach reduced R1 to 3.10%. At
this stage, examination of the difference-Fourier
map indicated the likely site for all H atoms
associated with the OH sites. The positions of the
H atoms were constrained to a hydroxyl bond
distance of 0.90(3) A˚ and their isotropic
displacement parameters were held constant at
0.05 A˚2 in the ﬁnal reﬁnement, which converged
to 3.08% for 544 Fo > 4sF reﬂections.
The details of the data collection and structure
reﬁnement are provided in Table 2. The ﬁnal
atomic coordinates, displacement parameters and
occupancies are listed in Table 3. Selected
interatomic distances are given in Table 4. A
bond-valence analysis is provided in Table 5.
Lists of observed and calculated structure factors
have been deposited with the journal and can be
downloaded from http://www.minersoc.org/
pages/e_journals/dep_mat_mm.html.
Description of the structure
The munakataite structure (Fig. 2) consists of
Jahn-Teller-distorted Cu2+O6 square bipyramids,
forming chains along b by sharing trans edges
across their square planes. The chains are
decorated by SO4 tetrahedra and Se
4+O3 pyra-
mids, which bond to apical corners of adjacent
bipyramids. The chains are linked to one another
via bonds to two different PbO9 polyhedra.
Munakataite is isostructural with schmiederite
(Effenberger, 1987), in which the tetrahedron is
centred by Se6+ and the structure is closely related
to that of linarite (Schoﬁeld et al., 2009), which
has only SO4 tetrahedra, instead of both SO4
tetrahedra and SeO3 pyramids. The structure type
TABLE 4. Selected bond distances (A˚) and angles (º) for munakataite.
Pb1OH2 2.296(14) Pb2OH4 2.384(15)
Pb1O12 (62) 2.389(10) Pb2O23 (62) 2.743(11)
Pb1O21 2.771(15) Pb2O21 2.764(15)
Pb1O22 (62) 3.005(5) Pb2O11 2.875(19)
Pb1O23 (62) 3.458(11) Pb2O11 (62) 2.923(4)
Pb1O22 3.528(16) Pb2O12 (62) 2.947(10)
<PbO> 2.922 <PbO> 2.806
CuOH3 1.919(10) SeO11 1.656(16)
CuOH1 1.929(10) SeO12 (62) 1.699(10)
CuOH4 1.942(9) <SeO> 1.685
CuOH2 1.962(9)
CuO23 2.589(11) SO21 1.442(16)
CuO12 2.648(10) SO23 (62) 1.471(12)
<CuOeq> 1.938 SO22 1.488(15)
<CuOap> 2.619 <SO> 1.468
Hydrogen bonds (D = donor, A = acceptor)
DH d(DH) d(H_A) <DHA d(D_A) A
OH1H1 0.90(3) 2.04(14) 150(23) 2.85(2) O22
OH2H2 0.90(3) 1.72(9) 161(24) 2.58(2) OH1
OH3H3 0.90(3) 2.29(6) 170(23) 3.18(2) O11
OH4H4 0.90(3) 1.80(13) 150(23) 2.62(2) OH3
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has been described in detail by Effenberger
(1987) and Schoﬁeld et al. (2009).
Both schmiederite and munakataite have c
doubled compared to linarite, due to the ordered
substitution of SeO3 within the structure. The a, b
and c cell parameters of munakataite are all
slightly smaller than those observed in schmie-
derite, probably attributable to the difference in
size between the SO4 and SeO4 tetrahedra. In the
linarite structure, there is only one Pb site and it
exhibits one-sided coordination typical of Pb2+
with a stereochemically active 6s2 lone-electron-
FIG. 2. Crystal structure of munakataite viewed in perspective along b.
FIG. 3. Pb coordinations in munakataite.
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pair. By contrast, the structures of munakataite
and schmiederite each have two non-equivalent
Pb sites (Fig. 3), only one of which, Pb1, exhibits
one-sided coordination.
The H-atom positions in munakataite match
closely with those determined by Schoﬁeld et al.
(2009) for linarite. Furthermore, the hydrogen
bonds based upon those H atom positions are
consistent with those hypothesized by Effenberger
(1987) for schmiederite.
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